INTRODUCTION
In recent years one of the main problems faced by industrialized countries is environmental pollution. This is related primarily with intensification of agricultural and livestock production and with increased degree of processing of agricultural food products. For some time now one can observe a significant increase in the amount of organic wastes and contaminants produced in agriculture and related branches. Those wastes are rich in components necessary for the growth and development of microorganisms, such as carbohydrates, lipids, proteins, microelements, biogenic elements and vitamins (Esposito et al., 2012) . They may appear in solid, semi-liquid and liquid forms. Leaving such wastes in their raw state may cause specific environmental problems and sanitary threats. The biodegradation of wastes results in the emission of gases (ammonia, methane, hydrogen sulphide, carbon dioxide and nitrous oxides) to the atmosphere, and in the 'seepage' of biogenic compounds (of nitrogen, phosphorus, potassium) to surface and ground waters. Uncontrolled seepage of biogenic compounds leads to disturbances in the balance of the ecosystem and to increased eutrophication of waters. Taking into account the necessity of neutralization of agricultural wastes and those from the food industry, the most suitable and economical methods of degradation of wastes are the biotechnological methods which permit the transformation of organic wastes into energy and valuable products such as fodder and fertilizers (Börjesson and Berglund, 2006; Kotner, 2011) .
Lately great hopes are placed on the utilization of biogas formed through methane fermentation of agricultural and food industry biomass. Methane fermentation is a several-stage biochemical process taking place under controlled anaerobic conditions as a result of specific bacterial environment operation. That process proceeds in four stages. The first stage takes place with participation of hydrolytic bacteria which degrade insoluble polymeric organic compounds to simpler forms. The simple compounds formed in the first stage are processed by acidic bacteria, and then by acetate bacteria which, in the third stage, produce acetate. Finally, methanogens convert these products to biogas. The fermentation gas is a mixture of gases whose relative proportions are subject to notable variation. Under optimum process conditions, the fermentation gas is composed of methane (52-85%), carbon dioxide (14-48%), hydrogen sulphide (0.08-5.5%), hydrogen (0-5.5%), carbon monoxide (0-2.1%), nitrogen (0.6-7.5%) and oxygen (0-1%) .
The use of methane fermentation process for organic waste degradation is attractive for several reasons (Barton et al., 2008; Esposito et al., 2012; Lettinga, 2001 ), this technology not only reduces the volume of organic waste to be disposed and avoids soil and groundwater pollution, but also makes available renewable and low-cost energy, for example biogas, that, unlike the fossil fuels, keeps stable the balance of greenhouse gases, such as CO 2 , in the atmosphere. Moreover, methane fermentation process of organic waste represents a reasonably low-cost and lowtechnology system to supply energy for rural areas in developing as well as underdeveloped countries where the main cause of their economic and social backwardness can be reasonably attributed to the lack of suitable energy. Biogas is already effectively used to produce electricity and heat, and to feed gas networks (Bekkering et al., 2010; Esposito et al., 2012) . A further source of income produced by the process of methane fermentation of organic solids is represented by the semi-solid by-product of this process -post-fermentation sludge -that thanks to its high content of nutrients can be used in agriculture directly as a fertilizer or processed into compost to increase its quality (Esposito et al., 2012; Rehl and Müller, 2011; Tambone et al., 2009) . Unfortunately, methane fermentation process has substantial drawbacks. Those include difficulties related with maintaining an appropriate concentration of microorganisms in reactor, higher sensitivity to changes in reaction and temperature. Furthermore, methane fermentation process does not always cause complete degradation of organic materials. Besides, it requires heating of wastes to carry out the fermentation under mesophilic or thermophilic conditions. Additionally, odour nuisance is observed in the case of unsuccessful hermetization of bioreactors and containers designed for the storage of biomass .
Many different kinds of biomass containing proteins, lipids, carbohydrates and lignocellulose, as the main components, are suitable to be used as feedstock for biogas production. Energy crops (eg Miscanthus, Sudan grass), organic wastes from agriculture-related factories, food waste, meat and fish industrial wastes, dairy wastes, collected municipal organic solid waste from markets, sewage sludge from aerobic wastewater treatment and animal manure, are the substrates commonly used for feeding bioreactors (Esposito et al., 2012) .
The composition of fermentation gas depends mainly on the kind of substances that undergo degradation in the digester chamber. Carbohydrates and proteins show faster conversion rates but lower gas yields, whereas lipids provide the highest biogas yield but require a long time due to their slow biodegradability. Gas with the highest content of methane (best in terms of quality) is obtained as a result of degradation of protein (Esposito et al., 2012; Frąc and Ziemiński, 2012; Momoh and Nwaogazie, 2011) .
Carbohydrates are commonly present in food waste, organic wastes from agriculture-related factories. Methane fermentation process of carbohydrates is strongly dependent on the ratio between the methanogenic process rate and the acidification process rate. For example, if the acidification process is faster than the methanogenic process, volatile fatty acids (VFAs) tend to accumulate in the bioreactor, causing progressive drops in pH that stress and inhibit the activity of anaerobic bacteria (Siegert and Banks, 2005) .
Lipids are the main components of food wastes and industrial wastewaters, such as those produced by dairies, slaughterhouses or fat refineries. Lipids are attractive for biogas production because of the high content of carbon and hydrogen atoms in their molecule, which implies a high theoretical methane potential. On the other hand, they can also present problems such as inhibition of methanogenic archaea and adsorption onto biomass that can cause sludge flotation. The rate of degradation depends primarily on the characteristics and mass of the raw material, on the temperature, and on optimum choice of process duration (Esposito et al., 2012; Neves et al., 2009) .
Biomass with a high content of proteins -nitrogenis mainly produced by livestock husbandry (animal slurry, manure) and also by meat processing factories. These wastes are rich in nitrogen and present high biological oxygen demand (BOD) and high organic matter content, but low C/N ratio (Cuetos et al., 2010) . During methane fermentation process of this waste, an increase of ammonia concentration occurs (Chen et al., 2008) . The problem can be that ammonia can cause inhibition of anaerobic digestion (Nielsen and Angelidaki, 2008) .
Carrot pomace and kale by-products are lignocellulosic materials produced in large quantities during the process of juice extraction in the industry. Although these agricultural residues may be used as an animal feed, they are usually discarded as waste (Yoon et al., 2005) . For example, in Taiwan juice processing companies produce about six thousand tons of carrot pomace annually (Chi-Yang et al., 2013) , and about 100 t of kale pomace is produced in Poland (Cybulska et al., 2013) .
The objective of the study presented here was to determine the potential of organic wastes from the agriculture and food industry as a co-substrate for the production of biogas, on the basis of analysis of physical and chemical properties and of biogas yield in the process of methane fermentation.
MATERIALS AND METHODS
The experiment was divided into five experimental series (Table 1 ). The criterion for the division was the composition of the substrate mix in the process of methane fermentation.
Anaerobic digester sludge was obtained from a biogas plant in Siedliszczki, Poland. The sludge had pH of 7.20-7.28 and contained on average 4.47% total solids and 31.57% total volatile solids.
Before starting the process of methane fermentation, the substrates were subjected to chemical analyses. Total solids (TS), volatile solids (VS) and ash were determined using the gravimetric method after drying at 105 and 550°C, according to PN-EN 12880:2004 and PN-EN 12779:2004 . The analysis of total organic carbon (TOC) was performed on the TOC-V CPN analyzer with solid sample combustion unit SSM-5000A, according to the manufacturer protocol. Total nitrogen was estimated by the Kjeldahl method. Ammonium nitrogen was measured by spectrophotometry.
Macro-and microelements were tested by the Inductive Coupled Plasma-Optical Emission Spectrometer (ICP OES, Thermo Scientific iCAP Series 6500). The samples of materials were subjected to digestion using a microwave mineralizer Berghoff Speedwave Four in Teflon vessels DAP 100, in order to determine the content of individual elements. The mineralization was conducted with the use ofa mixture of 1 ml 30% H 2 O 2 and 6 ml 65% HNO 3 . The solutions were analyzed by ICP-OES, equipped with a charge injection device (CID) detector and TEVA software. A multielement standard solution for ICP-OES containing 6 elements: Cu, Fe, Mg, P, K, and Na (Analityk-46, 1 000 ppm) and a multi-element standard solution containing 5 elements: B, Ba, Li, S, and Si (Analityk-47, 40 ppm) obtained from Inorganic Ventures (US, Virginia) were used for standardization. The wavelengths of 181 nm for S, 186 nm for P, 285 nm for Mg, 589 nm for Na, and 766 nm for K were used. ICP-OES operational parameters are given in Table 2 .
In the course of the study analyses were made of the parameters of importance from the viewpoint of the process of methane fermentation ie total solids and volatile solids.
Mesophilic methane fermentation was performed according to the VDI 4630 protocol (2006) . Fermentations were carried out in a 2 l Biostat ® B-plus stirred tank reactor (Sartorius Stedim Biotech, Gottingen, Germany). The temperature of the process was 37°C. The initial loading of 60 g VS l -1 and substrate to inoculum ratio (S/I) of 1:1 (based on the VS) were established. The pH of the fermentation mass was adjusted to 7.0 with sodium bicarbonate. Anaerobic conditions were created by blowing the whole volume of the reactor with nitrogen. Once a day, the composition of biogas was determined by means of multigas monitor (GFM436, Gas Data, UK). The volume of biogas was determined by the method of liquid displacement . The process was conducted in three independent replications until the moment when the daily yield was less than 1% of the total biogas yield obtained till then. The biogas and methane yield were calculated as follows (Yuan et al., 2014) :
where: biogas yield and methane yield (dm 3 kg -1 VS -1 ). The obtained values of biogas volume were converted to the normal conditions (1 013 hPa, 273 K) (38414-8, 1985; Oslaj et al., 2010) as indicated by the Eq. (3):
where: T is room temperature (Kelvin), P is the atmospheric pressure in the laboratory at room temperature (hPa), V is the CO 2 and CH 4 volume from the sample vessel under standard conditions in litres.
Data obtained from the analysis of chemical and elemental composition of organic waste (Tables 3 and 4) and physicochemical properties of the methane fermentation process (Table 5) were presented as the mean ± standard deviation (SD). Statistical significance of differences in parameters between particular feedstock substrates was Pump rate 50 r.p.m.
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determined using Student t test at p < 0.05. Statistical analyses of collected data were performed using the statistical package STATISTICA (data analysis software system).
RESULTS AND DISCUSSION
The physicochemical characteristics of the crude organic matter are presented in Table 3 . Total solids (TS) content of the substrates studied varied within the range of 11.27-38.2%. The lowest TS content was characteristic of carrot pomace (11.27%) and the highest of maize silage (38.2%). The kale by-products and the carrot pomace had dry TS contents higher than the values given in literature (Pitura et al., 2012; Tarko et al., 2012) . Whereas, the parameters of the maize silage did not diverge from the literature data (Asam et al., 2011) . The content of VS oscillated at a fairly constant level, from 91.27 to 95.6%. The lowest content of VS was characteristic of kale by-products (91.27% TS), and the highest -of maize silage (95.6% TS). Carbon content of the substrates under study fell within the range of 36.3-55.7% TS, and organic nitrogen content 1.45-1.87% TS. For an anaerobic reactor to function properly, the dry matter content of the feedstock should be within the range from 5 to 15 g TS l -1 (Henze et al., 1997) . In the course of the study the average concentration of the bioreactor feedstock was 6% TS. The C/N ratio of organic waste was from 25.03 to 29.7%, which is in agreement with literature data (Puyuelo et al., 2011) . The elemental composition analysis of organic waste revealed significant differences in the content of potassium, phosphorus and sodium, probably caused by fertilization applied in the cultivation (Table 4 ). The elemental composition can be used as one of the indicators determining the usefulness of plant material for methane fermentation. In addition, determination of elemental composition has an extra meaning for the evaluation of potential usefulness of post-ferment sediments as fertilizer (Oleszek et al., 2014) .
One of the fundamental parameters analyzed in the course of the process of anaerobic digestion was the amount of produced biogas and methane. On the basis of laboratory studies on the anaerobic digestion of biomass from the agriculture and food industry, the biogas and methane yields were calculated with relation to 1 kg of: fresh matter (fm), TS, and VS (Table 6 ). The good physicochemical properties of the experimental material resulted in high yields of biogas and methane. The highest productivity of The data for the anaerobic digestion may be also compared with earlier works. Cho and Park (1995) conducted mesophilic fermentation (37°C, 28 days) of food wastes and obtained the following amounts of methane -482, 294, 277 and 472 ml g -1 TS -1 , respectively, for roast meat, cooked rice, cabbage, and a mix of food wastes. Whereas, Hoe et al. (2004) achieved 489 ml g -1 TS -1 of methane during co-digestion of food wastes. The mix was prepared at the following proportions: 10-15% of cooked rice, 65-70% vegetables, 15-20% meat and hen eggs. The fermentation was conducted for 40 days.
The highest methane content was characteristic of the biogas produced from maize silage (75%) and from the mix of carrot pomace and kale by-products (71.5%) (Fig. 1) on the 11th day of the process. The lowest concentration of methane was noted in the biogas produced from kale byproducts (43%) and from carrot pomace (45%). The time of fermentation was 30 days. Similar results were obtained by Zhang et al. (2007) .
The analysis performed revealed that among the substrates proposed the highest economic productivity was obtained for the mix composed of carrot pomace and kale, formed as a by-product in processing plants (558 N dm 3 kg -1 VS -1 ). Although the maize silage produced a fairly similar technological yield (526 N dm 3 kg -1 VS -1 ), the economic effect was notably less favourable due to the cost of purchasing the silage, while the pomace, being a waste byproduct, was burdened only with the cost of transportation. Numerous studies indicate (Alvarez et al., 2008; Bouallagui et al., 2009; Fountoulakis et al., 2008) that anaerobic digestion with the use of waste materials from the food industry has a beneficial effect on biogas and methane yields. As reported by Dohanoyos et al. (2004) and by Jędrczak (2007) , an addition of kitchen biowaste has a favourable effect on the effectiveness of biochemical transformations, mainly through raising the C:N ratio of the mix being fermented.
The maximum efficiency of biogas production was observed between the 3rd and the 8th days of the methane fermentation process from the food industry wastes. Whereas, in the case of the maize silage, between days 6 and 12 (Fig. 2) . The difference in the time of achieving the maximum efficiency of biogas production may be caused by considerably faster degradation of carbohydrates (main component of fruit and vegetable wastes) to simpler compounds available to methane bacteria, compared to the proteins and lipids contained in maize silage. Similar results were obtained by Sridevi and Ramanujam (2012) (Chen et al., 2008) who conducted methane fermentation of vegetable waste.
In the course of the process two distinct maxima of fermentation were observed. The notable decrease in biogas production between the highest values of the process may be the result of accumulation of propionic acid which is an inhibitor of the process of anaerobic fermentation (Shiguan et al., 2012) . The flattened beginning of the graph of the cumulative biogas yield indicated significant inhibition and delay of the hydrolysis process ( DIN 38414-8, 1985) and, consequently, the whole process of methane fermentation. Monlau et al. (2012) and Zhong et al. (2011) proved that this inhibition may have been caused by a high content of lignin. After reaching the maximum ie after days 8 and 12 of the process, the rate of biogas production began to decrease systematically and slowly faded to a stop.
The graph of cumulative biogas yield (Fig. 3 ) present the kinetics of the process of methane fermentation. The curve of biogas yield is adequate to the curve of bacterial culture growth. The exact shape of the growth curve depends on many factors, such as ambient conditions, kind and concentration of substrate (Monod, 1949) .
Initially a slow increase was observed in the amounts of biogas per time unit (1-2 days of the process), which corresponds to the phase of adaptation, known as the lag phase. The duration of the lag phase largely depends on the period of acclimatization of the microorganisms to a specific substrate, moisture content, nutrients available in the substrate, pH, and external factors such as temperature (Kacprzak et al., 2010; Mulka et al., 2011) . After that stage, the amounts of biogas produced in a unit of time increased constantly. That was related with rapid growth of bacterial population. That phase is referred to as the phase of logarithmic growth. The duration of that phase is correlated with the rate of accumulation of toxic products of metabolism and with the availability of the substrate (Mulka et al., 2011) . After reaching the point of deflection, a slight retardation of the rate of production was noted, followed by a state of equilibrium lasting until the end of the process, which is closely related with reduced efficiency of biogas production (Narayani et al., 2012) .
Further part of the study comprised analyses of the physicochemical properties of the post-fermentate that, at the same time, provided information on the correct run of the process of methane fermentation (Table 5 ). The reaction, pH, is an important parameter affecting the stability of the process of methanogenesis. The optimum range of pH is 6.8-7.4 (Miksch and Sikora, 2010) . Too high a value of reaction, pH >7.5, is dangerous as there is then an increase in the amounts of ammonia which is an inhibitor of the process. The value of pH of the feedstocks studied increased with extended time of hydraulic retention and oscillated within the range from 6.7 to 7.1. That indicated correct run of the process of fermentation.
The fact of the composition of the mixtures being favourable for the process of methane fermentation was also supported by the determinations of ammonium nitrogen. The content of ammonium nitrogen (NH 3 -N) was in the range from 1.23 to 1.34 g dm -3 , ie according to Chen et al. (2007) , below the concentration range from 1.7 to 14 g NH 3 -N in 1 dm 3 that causes inhibition of the process of fermentation.
CONCLUSIONS
1. The study demonstrated an improvement of the fermentation capacity of feedstocks in mix-fermentations. The mixing of fractions caused an increase in the intensity of biogas production during fermentation.
2. The research permits the conclusion that the application of a substrate mix composed of carrot pomace and kale by-products will permit the achievement of biogas production with methane concentration above 50%.
3. While it is possible to conduct maize silage fermentation in the form of a single-component substrate, the study indicates that higher efficiency is achieved when the silage is fermented as a co-substrate in combination with the organic fraction of wastes from the food industry. That causes a more stable run of the process, and also co-fermentation permits the appearance of joint effects that may enhance the efficiency of organic matter degradation relative to methane yield.
